Hanajík P., Zvarík M., Fritze H., Šimkovic I., Kanka R.: Composition of microbial PLFAs and correlations with topsoil characteristics in the rare active travertine spring-fed fen. Ekológia (Bratislava), Vol. 35, No. 4, p. 295-308, 2016. We studied soil PLFAs composition and specific soil properties among transect of small-scale fen in Stankovany, Slovakia. The aim of this study was to determine potential differences in the microbial community structure of the fen transect and reveal correlations among PLFAs and specific soil characteristics. PCA analyses of 43 PLFAs showed a separation of the samples along the axis largely influenced by i14:0, 16:1ω5, br17:0, 10Me16:0, cy17:0, cy17:1, br18:0 and 10Me17:0. We measured a high correlation of sample scores and distance from fen edge (Kendall' s test τ = 0.857, P < 0.01). Kendall' s test showed a negative correlation of PLFAs content (mol%) and distance from the fen border for Gram (+) bacteria, Actinomycetes, mid-chain branched saturated PLFAs and total PLFAs. The redundancy analysis of the PLFA data set for the eight samples using PLFAs as species and 21 environmental variables identified soil properties significantly associated with the PLFA variables, as tested by Monte Carlo permutation showing most significant environmental variables including dichlormethan extractables, water extractables, Klason lignin, acid-soluble lignin, holocellulose, total extractables, organic matter content, total PLFA amount, bacterial PLFA and total nitrogen negatively correlated to axis 1 and dry weight and carbonate carbon positively correlated to axis 1. The amounts of Klason lignin, acid-soluble lignin, holocellulose total extractables, total PLFA, bacterial PLFA and total nitrogen were significantly correlated positively to the distance from fen border while moisture and total carbonate carbon were correlated negatively.
Introduction
As peat bogs and fens act as superior carbon stores, and because of their rare occurrence, they have a higher biodiversity value relative to other wetland types, they need to be pri- Vol. 35, No. 4, p. 295-308, 2016 DOI:10.1515 /eko-2016 oritised for protection and restoration (van Roon, 2012) . Peat bogs and fens in Slovakia represent endangered relict biotopes with unique flora and fauna communities, especially invertebrates. Formation of peatbogs and fens started here in the last ice age during Wűrm period, approximately 12,000-8,300 B.C. Climate conditions in Slovakia during this era were similar to the recent conditions in actual subarctic region and conditions in higher attitude were similar to conditions in actual arctic region (Jankovská, 1997) . Peatland formation and development are mainly affected by climate, hydrological conditions and the topography of the subsoil (Shotyk et al., 2003) . Hydrological functioning controls the physical, chemical and biological processes (Weiss et al., 2006) and hence is one of the most important factors regulating carbon fluxes (Binet et al., 2013; Wilson et al., 2011) . Despite peatlands covering only a small percentage area among other ecosystems, its biodiversity and ecological functioning is very often of very high significance. Most of the species and populations inhabiting peatbog areas are highly sensitive to the changes in ecological conditions. Changes in land use or water regime of river basins can lead to the loss of biodiversity or irreversible changes in ecological functioning (Stanová, 2000) .
Soil microorganisms respond to changing environmental conditions more quickly than most other soil constituents, which can be used as indicators of the changes in soil characteristics (Frostegård et al., 2011) . Different approaches addressing microbial structure, composition or amount of microbial biomass have been developed. Methods such as polymerase chain reaction (PCR), quantitative polymerase chain reaction (qPCR), fatty acid methyl esters (FAMEs) analyses, denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment length polymorphism (TRFLP), length heterogeneity polymerase chain reaction (LH-PCR) or genome sequencing (GS) are recently being used for identifying links between soil microbial diversity and enzymatic activity or microbial diversity, enzymatic activity and plant diversity (Vallejo et al., 2012; Welc et al., 2014) . According to new approaches, biodiversity structure and redundancy are considered to be more of significance compared to quantification of microbial biomass. Although the amount of microbial biomass can be in positive or negative correlation with some of the soil functions and processes, specific changes in microbial community structure can affect species redundancy and soil processes intensity more significantly despite the same biomass amount (Barrios, 2007; Hajjar et al., 2008; Maron et al., 2011) . The determination of the phospholipid fatty acid (PLFA) pattern of soil organisms has become commonly used method to study microbial community structure. PLFA method is a rapid and sensitive method to detect changes in the living microbial community in soil (Frostegård et al., 2011; Rousk et al., 2010) . The PLFA approach can be used to reveal the structure of the variation in microbial communities.
The aim of this study was to determine potential changes in the microbial community structure of Natural Reservation Rojkov fen and understand the correlations among specific soil characteristics and PLFAs. We performed experiments to assess soil properties addressing the following questions: (1) Are there any differences in PLFAs composition along the fen transect sampling plots? (2) Do the soil properties vary according to distance from fen border? (3) Can we identify any correlations among composition of PLFAs and soil properties along fen transect?
Site description
A small-scale fen situated in the municipality of Stankovany, district of Ružomberok, county of Žilina in Slovakia (GPS: N49°14'77.35'' , E19°15'39.38'') was chosen for the study. The site is a nature reserve included in the Natura 2000 (code of territory SKUEV0238, Veľká Fatra Mts). It is one of the last active Intra-Carpathian travertine spring-fed fens with high content of carbonates. The area is protected since 1950 as a rare instance of co-occurring fen, mire and bog biocoenoses within a small area of 2.88 ha. Most of the area is covered with small raised hummocks and lower-lying bog hollows filled with water. Several natural or anthropogenic small ponds that can be found here are characteristic by continual release of gases (Chilová, 2000; Galvánek, 2007; IMCG, 2015) . In our study, we focused on bigger homogeneous hummock-hollow part of the fen with no pond occurrence.
Material and methods
We sampled topsoil of 4×80 m strip perpendicular to the main road I/18 taking three individual core samples, each of 10 m. These three individual core samples were taken within 4 meters line parallel to the road and were mixed in one composite sample. After the plant material was removed, the eight composite samples were stored in plastic bags at -20 °C until used. Moisture was measured in situ at each plot by portable HH2 datalogger with probe.
To determine dry weight (d.w.) of the soil, samples were dried at 105 °C for 24 hours. Soil organic matter content was measured as a loss on ignition from the dried samples at 550 °C for 4 hrs. Since some of applied methods require small amount of the sample (mg), soil samples were additionally homogenized in zircon oxide mill. The content of carbon (C), hydrogen (H), nitrogen (N), sulphur (S) and oxygen (O) was measured by elemental analyser Flash 2000 (Thermo Scientific).
The content of carbonate carbon (C-CO 3 ) was determined by Fourier transform infrared (FTIR) spectroscopy by use of standard addition method (CaCO 3 ). The average absorbance determined at 2506 and 875 cm -1 , respectively, was used (similarly as Tatzber et al., 2007) as the basis for carbonate quantification. The obtained C-CO 3 values were subsequently subtracted from total carbon content (TC, determined by FLASH 2000) in order to obtain organic carbon portions (OC). Transmission FTIR spectroscopy was performed in mid-infrared region (4000-400 cm -1 ) by using Nicolet 6700 spectrophotometer and Omnic 8 software (Thermo Scientific). In case of each sample, homogenized material (2 mg) was mixed with KBr (200 mg) and subsequently pressed into small disc. Each spectrum was obtained by averaging 128 scans, with spectral resolution of 4 cm -1 . For PLFA analysis, lipids were extracted from 2.0 g fresh weight soil amounts according to Bligh and Dyer (1959) and White et al. (1979) using chloroform, methanol and aqueous buffer system (1:2:0.8). The lipid extract was then fractionated into neutral lipids, glycolipids and polar lipids using silicic acid (King et al., 1977 , Kates, 1986 . The phospholipids was isolated from the lipid fraction and transesterified into fatty acid methyl esters (FAMEs), which were detected by gas chromatography (flame ionization detector) using a 50 m HP-5 (phenylmethyl silicone) capillary column. Helium was used as a carrier gas. The temperature of the oven was 50°C and it was raised at the rate of 30 °C min -1 to 160 °C, then at rate of 2 °C min -1 to 270 °C and at the end, oven was kept for 5 min at the final temperature of 270 °C. The content of phospholipid fatty acids (PLFA, in mol% -area % of summed peak area) was identified based on a retention time index calculated relative to the retention times of the internal standards 13:0 and 19:0 (Hanajík, Fritze, 2009) .
Organic nonpolar and polar fractions were analysed in the samples according to the method developed for peat samples (Karsisto et al., 2002 (Karsisto et al., , 2003 The total amount of nonpolar extractives was determined by dichlormethane extraction, and the amount of polar extractives was determined by acetone, ethanol and water extractions. Klason lignin and holocellulose were determined from extractive free residues, and acid-soluble lignin was analysed from Klason-lignin filtrate using Shimadzu 2401PC spectrophotometer.
Data were compiled and transformed in Microsoft Excel. Statistics and graphs were generated using R software, ver. 3.1.3, except for the redundancy analysis (RDA) and principal component analysis (PCA), which were calculated and graphed using CANOCO for Windows, version 4.5. For the PCA and RDA in this study, PLFAs were used as 'species' . The focus of the ordination was on the inter-species correlations, species scores were post-transformed (divided by the standard deviation) to reduce the effects of extreme values and the ordination was centred by species and samples. Qualitative assessment of each environmental factor in constrained ordination model was determined by Monte Carlo permutation method. Correlations between variables were made using a Kendall rank correlation coefficient. If the test statistic probability was less than the significance level (α = 0.05), the null hypothesis for all tests was rejected.
Results
We analysed amounts of 43 PLFAs (Table 1) at studied area situated in Rojkov fen. Contents of lipids (mol%) extracted from the soil samples were interpreted using principal component analysis (PCA) followed by Kendall's test of the PCA scores. Separation of the samples along axis 1 was largely influenced by i14:0, 16:1ω5, br17:0, 10Me16:0, cy17:0, cy17:1, br18:0 and 10Me17:0 (Fig. 1) . Principal component 1 (Axis 1) related to 49.51% of the variation in PLFA composition corresponds to a high correlation of sample scores and distance from fen border showed by Kendall's test (τ = 0.857, P < 0.01). Kendall's test showed a microbial community (MC) division at the studied site according to the distance of individual sampling plots from the fen border (Fig. 2 We divided PLFAs into several groups according to chemical structure or affiliation to specific group of microorganisms (Table 1) . Kendall's test showed negative correlation of PLFA content (mol%) and distance from the fen border for following groups of PLFA: Gram (+) bacteria (P < 0.05, τ = -0,643), Actinomycetes (P < 0.01, τ = -0.857), mid-chain branched saturated PLFAs (P < 0.01, τ = -0.929), total PLFAs (P < 0.05, τ = -0.786) (Fig. 3) . PCA of 21 environmental factors (Fig. 4) followed by Kendall's test revealed first principal component (axis 1) explaining 99.1% of the variation in environmental factors composition according to distance from the fen border (τ = -0.786, P < 0.01). Redundancy analysis (RDA), a linear canonical community ordination method, was used to visualise the relationships between the response variable values (PLFAs), the environmental variable gradients and the samples (Fig. 5) . Environmental gradient arrows, which are longest, allow more confidence in the inferred correlations, which roughly indicates a larger effect of that variable on the total species (PLFA) variation (ter Braak, Smilauer, 2002), and point in the direction in which the site scores would move if the value of that environmental variable increased. RDA analysis identified those specific environmental variables significantly associated with the PLFA variables, as tested by Monte Carlo permutation showing variables most significant for distribution including A (P < 0.05), D (P < 0.05), E (P < 0.01), F (P < 0.05), G (P < 0.01), H (P < 0,01), I (P < 0,05), J (P < 0,05), L (P < 0,05), M (P < 0,01), S (P < 0,05) and V (P < 0.01) (Fig. 5) . Variables tested as significant (A, D, E, G, H, I, J, L, M, and S; see Fig. 5 text) were negatively correlated with Axis 1 and variables F and V were correlated positively to axis 1.
Discussion
For analysing our data, we used a combination of statistical methods including principal component analysis (PCA), which is a technique aimed at emphasising variation and bringing out strong patterns in a data set and it is often used to make data easy to explore and visualise, Kendall rank correlation, which is a non-parametric test that measures the strength of dependence among variables and Monte Carlo permutation method used for the determination of qualitative measure of each factor in constrained ordination model. Specific compounds were measured in soils of Rojkov peatland (Table 2) aiming to identify correlations with PLFAs distribution at the studied plots. We measured the amount of soluble compounds in dichlormethane, acetone, ethanol and water. Dichlormethane was used to remove non-polar extractives (e.g. fats, oils, resins, waxes, plant pigments, fatty alcohols and fatty acids) and acetone, ethanol and water to remove polar extractives (e.g. soluble carbohydrates, ketones, pectins and tannins) (Ryan et al., 1990; Wieder, Starr, 1998) . Soluble components are generally considered to be the first attacked by decomposition of microorganisms and therefore also be the first to vanish, inflicting more rapid decomposition in substrates rich in easily soluble compounds. The amounts of water extractables were significantly associated with PLFAs composition at our plots (Table 3) : extractable amounts of dichlormethane, acetone and ethanol were not tested significant. Plots with higher amounts of water-soluble components also contained higher amounts of organic matter and content of moisture was lower than 100 vol% (Table 2) at these plots. Lower water content probably creates better conditions for plant growth and thus higher organic matter accumulation and increase in content of water-soluble components. The amount of water-soluble fraction is usually linked to early decomposition of various wood litter (Gholz et al., 2000; Trofymow et al., 2002; Vávřová et al., 2009 ) and can be suitable as a predicting variable for litter mass loss in decomposition modelling (Liski et al., 2005) . Klason lignin, providing an approximate integration of the most insoluble lignin, cutin and tannin were not statistically significant for PLFA distribution. Holocellulose, representing sum of cellulose and hemicelluloses, was not significant for PLFAs distribution. We also analysed acid-soluble lignin (ASL), which is formed in Klason lignin determination and together with Klason lignin represents the relative total content of lignin. We measured amounts of total carbon (TC), hydrogen, nitrogen, sulphur, oxygen, CO 3 -carbon (C-CO 3 ) and organic carbon (OC) using elemental analyser. Only amounts of nitrogen and C-CO 3 showed statistical significance for PLFA distribution (Table 3) . We also considered total amount of PLFA (mol%), bacterial (nmol%) and fungal (nmol%) PLFA to be representative environmental factors. There are disadvantages of using PLFA for identifying specific groups of organisms, which is discussed in the article later. The total amount of PLFA (mol%) and bacterial PLFA (nmol%) were statistically significant for PLFA division (Table 3) . Dry weight % of the samples, which represents the amount of soil (organic + inorganic constituents) with water excluded from the sample, loss of ignition giving picture about amount % of organic matter in the sample and moisture did not show statistical significance, although these characteristics can generally play a considerable role in shifting other soil properties. , (O) weight % of total organic carbon (P) weight % of total carbon, (R) weight % of total hydrogen, (S) weight % of total nitrogen, (T) weight % of total sulfur, (U) weight % of total oxygen, (V) weight % of total carbonate carbon. 100.00 ± 0.00 100.00 ± 0.00 85.33 ± 1.31 100.00 ± 0.00 100.00 ± 0.00 ), (S) total nitrogen (%DW) and (V) total carbonate carbon (%DW) significantly correlated to the distance from the fen border. E, G, H, I, L, M and S were correlated negatively (amounts were decreasing from plot 1 to plot 8) and K and V were correlated positively (amounts were increasing from plot 1 to plot 8). Environmental factors identified by RDA (D, L, M, S and V), which significantly influenced the PLFA division, were also significantly correlated to the distance from the border except characteristic (D) weight loss (%) of water extractables, which were significant for PLFA division but Kendall's test didn't show significant correlation to distance from fen border. E, G, H, I and K showed significant correlation to distance but were not identified by RDA as significant for PLFA division.
There are two main approaches that can be used to analyse PLFA data. Analysing the whole PLFA pattern by processing through the multivariate statistical technique, which can be followed by comparison of individual PLFAs, which answers the question if there are any changes in microbial community structure, or second approach focusing on revealing effects on specific groups of microorganisms assuming that certain PLFAs can serve as unique signatures for specific functional groups of microorganisms. Good marker PLFAs exist in very specific cases, thus caution must be taken in interpreting PLFAs (Frostegård et al., 2011) . Most of PLFAs cannot be used as biomarkers for the detection of individual species due to overlapping PLFA patterns; however, comparison of total community PLFA profiles accurately mirrors shifts in community composition and provides a way to link community composition to specific metabolic and environmental conditions (Palojärvi, 2006) . We focused mainly on the whole picture of PLFA composition at studied plots and effect of chemical characteristics on this composition. Analysing relationships among chemical characteristics and specific groups of microorganisms identified according to PLFAs biomarkers was not main purpose of this paper. For analysing PLFAs, we used principal component analysis (PCA), which is a technique used to emphasise variation and bring out strong patterns in a data set. It is often used to make data easy to explore and visualise.
The arrows in the resulting ordination diagrams point in the direction of maximum variation in the PLFAs, and the arrow length is proportional to the rate of change. PLFAs near the edge of the plot are most important in explaining plot differences, while PLFAs near the centre are of lesser importance. PLFA arrows pointing in the same general direction as environmental arrows can be interpreted as correlating well with that variable, and the longer the arrows is, the more confidence can be assumed in that correlation (ter Braak, 1994) .
T a b l e 3. Environmental characteristics statistically significant for PLFA spatial division using RDA and characteristics with significant correlation to spatial distribution according to distance from the fen border tested by Kendall's test (X stands for P < 0.05; + stands for positive correlation). See Figure 5 for explaining abbreviations of environmental characteristics.
Environmental characteristics code
PCA revealed subset of PLFAs important in explaining the variation in the data. Separation of the samples along axis 1 was largely influenced by i14:0, 16:1ω5, br17:0, 10Me16:0, cy17:0, cy17:1, br18:0 and 10Me17:0. PLFA 10Me16:0 and 10Me17:0 are considered to be markers for G(+) bacteria and actinomycetes, i14:0 is marker for G(+) bacteria, br17:0 and br18:0 are markers for methanotrophs, 16:1ω5 is a marker for G(-) bacteria and AM fungi, cy17:0 and C17:1 are markers for G(-) bacteria (Table 1) .
Kendall's test of PLFAs revealed specific pattern of PLFAs spatial distribution depending on the distance of sampling plots from the fen border. These shifts in composition of microbial community suggest differences in environmental conditions at individual plots affecting microbial populations, which was proved by testing individual factors using Kendall's test revealing specific characteristics with high positive or negative correlation to distance from the fen border (Table 3) .
Conclusion
PCA of 43 PLFAs analysed in Rojkov fen samples revealed a subset of PLFAs important in explaining the variation in the data. Separation of the samples along the axis are largely influenced by i14:0, 16:1ω5, br17:0, 10Me16:0, cy17:0, cy17:1, br18:0 and 10Me17:0. Principal component 1 (axis 1) explaining 49.5% of the variation in PLFA composition corresponded to a high correlation of sample scores and distance from fen edge (Kendall's test τ = 0.857, P < 0.01). Kendall's test showed a negative correlation of content of PLFAs (mol%) and distance from the fen border for following groups of PLFA: Gram (+) bacteria (P < 0.05, τ = -0.643), Actinomycetes (P < 0.01, τ = -0.857), mid-chain branched saturated PLFAs (P < 0.01, τ = -0.929) and total PLFAs (P < 0.01, τ = -0.786). The redundancy analysis of the PLFA data set for the eight samples using PLFA as species and 21 environmental variables identified those specific soil properties significantly associated with the PLFA variables, as tested by Monte Carlo permutation showing the most significant environmental variables including dichlormethan extractables (P < 0.01), e.g. fats, oils, resins, waxes, plant pigments, fatty alcohols, fatty acids; water extractables (P < 0.05) e.g. soluble carbohydrates, ketones, pectins, tannins; Klason lignin (P < 0.01), acid soluble lignin (P < 0.01), holocellulose (P < 0,01), total extractables (P < 0,01), organic matter content (P < 0,05), total PLFA amount (P < 0,01), bacterial PLFA (P < 0,01), total nitrogen (P < 0,05) negatively correlated to axis 1 and dry weight (P < 0.05) and carbonate carbon (P < 0.01) positively correlated to axis 1. Kendall's test of individual soil properties showed amounts of Klason lignin, acid-soluble lignin, holocellulose total extractables, total PLFA, bacterial PLFA and total nitrogen significantly correlated to the distance from fen border while moisture and total carbonate carbon were correlated negatively. PCA of 21 environmental factors (Figure 4) , followed by Kendall's test, revealed principal component (Axis 1) explaining 99.1% of the variation in environmental factors composition according to distance from the fen border (τ = -0.786, P < 0.01).
